Natural selection can remove maladaptive genotypic variance from populations, leaving reduced phenotypic variation as a signal of its action. Hybrid populations offer a unique opportunity to study phenotypic variance before selection purifies it, as these populations can have increased genotypic and phenotypic variance than can reveal trade-offs and selection conflicts not visible, or visible to a lesser extent, in unadmixed populations. Here, we study the interactions between a fungal leaf rust disease (Melampsora medusae) and stomata and ecophysiology traits in a set of hybrid and unadmixed individuals formed by natural matings between Populus balsamifera, P. trichocarpa, P. angustifolia, and P. deltoides. Phenotypes were measured on cloned genotypes grown in a common garden and genotyped at 227K SNPs with GBS.
I. INTRODUCTION
of the abaxial and adaxial traits. For example, SR = AD_SD/(AD_SD + AB_SD). 163 To estimate clonal values of genets from the phenotyped ramets, mixed-effects models were fit with lme4 (Bates et al., 2015) 164 and the response, here a trait, was modelled as a function of the fixed effects of garden row and column position, and random 165 effects of genet. A normal distribution was assumed for all traits except: disease ordinal 1 (2015), disease ordinal 1 and 2 166 (2016), SR, LR, and PR. To model non-normal responses of disease ordinal replicate values, four error distributions were fit 167 to the data and compared with AIC using glmmADMB (Fournier et al., 2012; Skaug et al., 2016) and lme4, which include: 168 (1) a standard mixed-effects model; (2) a zero-inflated negative binomial model with variance = µ(1 + µ/k); (3) zero-inflated 169 negative binomial model with variance = φµ; and (4) a zero-inflated Poisson model. A zero-inflated Poisson model was used 170 for the error distribution for disease ordinal 1 (2015) and (2016) . A zero-inflated negative binomial error model with variance = 171 µ(1 + µ/k) was used for disease ordinal 2 (2016). For the SR, LR, and PR traits, the response was log-transformed and clonal 172 values created with a standard mixed effects model using a normal error distribution. 173 To investigate how hybridization alters trait means and heritable variation, we used partial least squares regression (PLS) 174 and estimated broad-sense heritability. PLS was performed in R (R Core Team, 2018) with the package mixOmics (Rohart 175 et al., 2017) using canonical correlation where the X matrix was a column vector of the proportion of ancestry attributable to 176 each species (determined by NewHybrids), and the Y matrix was a column vector of traits. To understand how backcrossing 177 into P. balsamifera alters trait values, we plotted the filial generation estimated by NewHybrids against the trait as boxplots 178 and performed Tukey's post-hoc tests to determine significance at α < 0.05. Broad-sense heritability (H 2 ) was estimated with 179 hybrids present and absent with MCMCglmm (Hadfield, 2010) by estimating the variance-covariance matrix of the fixed and 180 random effects and the intercept. Models were run for 50,000 to 500,000 iterations until effective sample sizes of posterior 181 parameters were above 1000. Normal distributions were assumed for continuous traits. Broad-sense heritability was estimated 182 using the following equation:
162

E. QUANTITATIVE GENETIC ANALYSES
where σ 2 represent error attributable to position of the ramet in the garden and measurement error. The posterior mode and 185 highest posterior density interval of the heritability estimate were reported.
186
To understand which traits correlated most strongly with the three disease phenotypes, we fit a MANOVA in R using the 187 three disease phenotypes as a multivariate response and the remaining stomatal and ecophysiology traits as predictors. To 188 test for selection trade-offs between growth, disease resistance, and stomatal ratio, we fit linear models in a path analysis 189 framework. Disease resistance was calculated as -1 * D2". Traits were centered and standardized before regression models 190 were fit. Model specifications are provided in Table 4 . Each model was fit with three sets of data: hybrids absent, unadmixed 191 P. balsamifera and Tacamahaca hybrids, and unadmixed P. balsamifera and Aigeiros hybrids. Evidence for trade-offs between 192 inferred if the product of the slopes from a trade-off were negative (Schluter et al., 1991) . Significance testing of the observed 194 regression coefficients was performed by generating a permuted distribution of regression coefficient products, and comparing 195 the observed product to the distribution of permuted products. To generate permuted regression coefficient product distributions, 196 the underlying trait data were permuted 1000 times and regression models were fit. The regression coefficient products were 197 recorded, and a two-tailed probability test was used to generate a p-value for each observed regression coefficient product.
198
Additionally, we performed a PCA of the three disease phenotypes with relative growth rate to decompose the relationship into 199 orthogonal vectors. PC1 and PC2 were regressed against stomatal ratio to determine if the slopes from each set of hybrids were 200 conflicting in sign, and hence, suggestive of a selection conflict on stomatal ratio in relation to growth and disease.
201
III. RESULTS
202
A. GENETIC ANCESTRY AND TRAIT VARIATION
203
Extensive backcrossing and hybridization was revealed from the NewHybrids analyses ( Fig 1c, Table 2 , Table S4 ). Our sample 204 collection protocol was designed to target non-hybrid genotypes, thus the distribution of hybrids in our sample is less than 205 what is expected on the landscape. Nevertheless, we observe hybrids at the F 1 to advanced generations backcrossing into P. 206 balsamifera from P. angustifolia. Hybrids formed with P. trichocarpa were observed from the P1.F 1 generation and beyond, 207 while P. deltoides hybrids were only observed at the F 1 generation.
208
Disease severity was measured across two years with two different ordinal scales. Distributions of all three disease severity 209 phenotypes revealed a zero-inflated distribution, along with highly variable patterns of disease between BxB and hybrid 210 genotypes ( Fig. 1d ). Zero-inflated distributions were observed for the underlying disease traits, and traits which incorporated 211 adaxial stomata ( Fig. S1 ). Section Tacamahaca hybrids exhibited decreased growth in comparisson to unadmixed P. balsamifera 212 or the hybrids with a Aigeiros parent. The stomatal ratio was zero-inflated and the tail of had a median of 0.18 with a min. of 213 0.05 and a max. of 0.44. Hybrid genotypes, along with 43 of 315 unadmixed BxB individuals, had an elevated stomatal ratio.
214
A PCA of the non-disease traits revealed stomata variation drives the principal axis of variation, while variation along PC2 215 was largely driven by of ecophysiology traits. Mapping hybrid cross type and disease presence or absence into the PC space 216 revealed patterns of disease associated with negative values of PC1, an axis largely describing adaxial stomatal patterning ( Fig.   217 1e). Segregation of the trait space was loosely clustered by the identity of the non-balsamifera parent (Fig. 1e ).
218
As expected, hybridization altered trait means and variances (Table 1, Fig. S2, Fig. S3 ). Disease traits increased with 219 increasing phylogenetic distance of the non-balsamifera parent, and transgressive segregation was observed for the adaxial 220 and abaxial stomata traits as well as for ∆ 13 C in BxA hybrids ( Fig. S2 ).
221
PLS analyses were conducted to investigate the effects of variation of the expected proportion of ancestry from each species 222 (X matrix) on trait variation (Y matrix). The scalar product between pairs of vectors in the X and Y matrices indicate correlation 223 between sets of variables. Using hierarchical clustering of the scalar products, we observed two large blocks: one characterized 224 by high scalar product values between the ancestry proportions to SR, LR, PR, adaxial stomata, and the disease traits; and the 225 proportions ( Fig. 2) .
227
In addition to shifting trait means, hybridization altered genotypic variance, resulting in increased heritability for the disease 228 severity, SR, LR, PR, and adaxial stomatal patterning traits (Fig 2, Table S2 ). The H 2 for ecophysiology and abaxial stomatal 229 patterning traits was less influenced by hybridization, and generally lower. As a whole, H 2 estimates ranged from 0.08 (CN) to 230 0.79 (SD_AD) (Fig 2) .
231
Backcrossing into P. balsamifera decreased disease severity in advanced generation hybrids ( Fig. 3a ). Tukey's post-hoc tests 232 indicated significant differences in disease severity between F 1 , F 2 , and P1.F 2 backcrosses to advanced generation backcrosses 233 and unadmixed P. balsamifera. The stomatal ratio remained high among the filial generations and only decreased in unadmixed 234 P. balsamifera (Fig. 3b ). When accounting for the effect of SR on PC1 of disease, residuals were significantly different for the well as evolve different adaptive combinations of traits between species. When hybrids are formed, misaligned growth-defense 292 strategies expressed in a hybrid genotype can negatively impact its fitness through outbreeding depression (Goldberg et al., 293 2005), perhaps even in the presence of heterosis, as suggested by the increased disease of F 1 BxD hybrids we study here.
294
The effect of phylogenetic distance on these traits may be indirectly inferred from the distribution of traits arranged by hybrid 295 cross type. Increasing the phylogentic distance of the non-balsamifera parent tended to increase disease severity and decrease 296 growth. Although, the increased phylogenetic distance between P. balsamifera and P. deltoides likely induced heterosis for 297 growth, but is accompanied by increased disease (Fig. 1d ) and increased stomatal ratio; thereby revealing a growth-defense 298 trade-off. Interestingly, the BxD hybrids do not have increased ∆ 13 C, which is partially an indicator of how closed stomata 299 are, and analysis of the residuals from D P C1 ∼ SR indicate effects in addition to the stomatal ratio contribute to significantly 300 elevated disease (Fig. 3) . These results allow us to speculate that the increased disease in BxD F 1 hybrids may relate to a loss of 301 resistance loci as a result of the accumulation of genetic incompatibilities, in addition to variance of stomatal patterning traits.
302
While we do not have trait data for unadmixed P. trichocarpa, P. angustifolia, or P. deltoides, the growth-defense phenotypes 303 in hybrids with ancestry from those species suggests different adaptive strategies from what has evolved in P. balsamifera.
304
Common garden studies in P. trichocarpa have demonstrated that genotypes from Northern latitudes have more adaxial stomata, 305 larger stomatal aperture pores, and increased carbon gain, but lower levels of defensive phenolic compounds and increased foliar 306 pathogen disease (McKown et al., 2014) . This suggests one fitness strategy, typified by P. trichocarpa, is to maximize growth 307 while tolerating the negative effects of disease. Further research is needed to compare the growth-defense strategies of multiple 308 unadmixed Populus species in a common environment.
309
In addition to increasing genetic variance, hybridization can disrupt co-adapted immune systems responses in host plants, 310 possibly leading to increased disease susceptibility. Plant populations will typically evolve towards increased disease resistance 311 with lower growth, or increased growth with lower disease resistance (Stearns, 1989; Schluter et al., 1991) . In line with 312 those expectation, we observe a negative relationship between disease resistance and growth in unadmixed P. balsamifera 313 and Aigerios F 1 hybrids (Table 4 ). However, in Tacamahaca hybrids, we observe decreased disease resistance correlated with 314 decreased growth. This correlation may be the result of negative physiological effects of increased pathogen presence on the 315 host trees leading to a reduction in growth. Comparison of the slopes of G ∼ D and G ∼ SR indicate a selection conflict is 316 present in Tacamahaca hybrids that have lower growth, decreased disease resistance, and increased stomatal ratio. One possible 317 interpretation of the selection conflict is the positive slope between disease resistance and growth observed in Tacamahaca 318 hybrids indicates that these populations cannot evolve towards one of the two optimal trait spaces along the growth-defense 319 spectrum by decreasing stomatal ratio values, or by tolerating increased disease and instead investing more in growth.
320
The presence of amphistomy (having stomata on both leaf surfaces) as a result of hybridization raises interesting evolutionary (Muir, 2015) . The results from this study 325 which plants evolve, and selection from pathogens likely induces a cost of amphistomy that is paid in the currency of fitness. Table 4 : Trade-offs and selection conflicts inferred from linear and multiple regression models of three traits: D, disease resistance; G, relative growth rate; and SR, stomatal ratio. Negative regression coefficients (β n ) or path analysis (R SR,G ) indicate a trade-offs is present. The path analysis sums each independent path of the effect of SR on G: path 1, β 2 ; path 2, β 3 * β 1 . Selection conflicts are inferred when the product of regression coefficients are negative (Schluter et al., 1991) . The hybrids absent set includes only unadmixed P. balsamifera, and the Tacamahaca and Aigeiros data sets add hybrid individuals. β 1 was taken from model 1. Significance testing for selection conflicts was performed with permutation tests (Fig. S4 ). Significance indicated as *** P < 0.001; ** P < 0.01; * P < 0.05. Table S1 for population coordinates and samples sizes. The phylogenetic relationships of the four species under study are presented as a cladogram (b). The expected proportion of ancestry of hybrid genotypes was calculated from NewHybrid (Anderson and Thompson, 2002) estimates of filial generation (c). Histograms and box plots of three disease traits summarized by PC1 of a principle components analysis (D P C1 ), relative growth rate (G), and stomatal ratio (SR). Tukey tests indicate significant differences at α < 0.05. PCA of stomatal patterning and ecophysiology trait data. The presence or absence of disease and the hybrid cross type is mapped onto the points, but was not used to decompose variance of the traits in principle component space (e). Trait abbrevations in d and e are found in Table 1 . Disease presence/absence calls in e were made from the eigenvalues for D P C1 , where PC1 eigenvalues greater than -0.8 were classified as diseased. Images of the uredospore (f) and disease sign of orange-yellow uredinia (g) of Melampsora medusae on an BxD hybrid. Table 2) . The color ramp is the scalar product of variable loadings U' and V' from the X and Y matrices, respectively, indicating the correlation between pairs of vectors. Broad-sense heritability (H 2 ) estimates for each trait are given from data sets with hybrids present (black) and absent (red). 95% credible intervals indicated as whiskers. See text for PLS and H 2 estimation details and Table S2 for H 2 estimates. In: Journal of Statistical Software 33.2, pp. 1-22. Figure S4 : Permutation tests for significance of selection conflict products. The product of the regression coefficients for each pair of traits was estimated 1000 times with permuted data (grey distribution). The observed product is considered significant if its value is more extreme than the permuted distribution at α/2 = 0.025. See Table 4 for results.
VIII. TABLES
model 1 : G ∼ µ + β 1 D + model 2 : G ∼ µ + β 1 D + β 2 SR + model 3 : D ∼ µ + β 3 SR + Trade-offs Data set β 1 β 2 β 3 R SR,
